INTRODUCTION
Protein palmitoylation is one of three different lipid modifications of proteins that function to tether proteins to cytosolic membrane surfaces (for palmitoylation reviews, see Smotrys and Linder, 2004; Conibear and Davis, 2010; Fukata and Fukata, 2010; Salaun et al., 2010) . The other two lipid modifications are myristoylation and prenylation. Protein palmitoylation is the attachment of fatty acyl moieties (often, the saturated, 16-carbon palmitate) in thioester linkage to select protein cysteines. Palmitoylation has been documented for a broad array of proteins, including many membrane-tethered signaling proteins; well-known examples include H-and N-Ras, the Gα components of many heterotrimeric G proteins, endothelial nitric oxide synthase, nonreceptor tyrosine kinases like Lck and Fyn, and the synaptic scaffolding protein PSD95. Palmitoylation also is frequently found to modify many transmembrane proteins; examples include surface signaling receptors, integrin-like proteins that mediate cellcell interaction, as well as transporters and channels. For such transmembrane proteins, which embed in membranes through hydrophobic transmembrane domains (TMDs), the palmitoylation-tethering function seems superfluous, and thus roles for the modification either in altering the protein's transmembrane architecture or in modulating in-bilayer segregation to membrane microdomains (e.g., lipid rafts and caveolae) often are invoked. Perhaps the most intriguing palmitoylation characteristic is its potential reversibility. Obviously, the possibility of both adding and removing lipid tethers provides a powerful means of regulating protein localization. Such regulation, however, has been documented to date only for a relatively small collection of palmitoyl proteins (Conibear and Davis, 2010) .
A variety of obstacles have slowed research on palmitoylation. Its occurrence within a wide variety of peptidyl contexts has precluded the development of robust consensuses, making prediction residues, the C-terminal Cys-Cys. Prior work on Yck2 identified a relatively large C-terminal domain (CTD), the C-terminal 47 residues as being the minimal domain that is sufficient to specify palmitoylation (Babu et al., 2002 (Babu et al., , 2004 . While confirming this finding, we find substantial additional complexity, uncovering a novel role for the kinase catalytic domain (KD) in palmitoylation. Overall, our results support a tripartite model for the Yck2 palmitoylation signal, in which two of the three parts-a conserved, 10-residue-long sequence that includes the Cys-Cys palmitoyl acceptors and the Yck2 kinase domain-are likely to represent Akr1 recognition elements. The third essential part-a long, poorly conserved domain that is predicted to be intrinsically disordered-may act by flexibly accommodating the concomitant interaction of the two recognition elements to separate domains of the Akr1 PAT.
RESULTS

Yck2 structure
Based on the structures of the KDs of Schizosaccharomyces pombe Cki1 and rat CK1δ (Xu et al., 1995; Longenecker et al., 1996) , the Yck2 KD can be precisely assigned to residues 72-360 (Figure 1 ). Beyond the KD, Yck2 has relatively large N-and C-terminal domains of 70 and 187 residues, respectively. The CTD, which terminates with the Cys-Cys palmitoylation acceptors, is quite poorly conserved overall, but does contain three segments of homology with Yck1, these being the 36 residues immediately downstream of problematic. Furthermore, it is only in recent years that the enzymology and cell biology of both palmitoylation and depalmitoylation have begun to emerge. The first palmitoylation enzymes (i.e., the protein acyl-transferases [PATs] ), were discovered only eight years ago through work in yeast (Lobo et al., 2002; Roth et al., 2002) . The PATs are multipass transmembrane proteins with four to six predicted TMDs and their defining, 50-residue-long, zinc finger-like DHHC cysteine-rich domain (named for its core Asp-His-His-Cys tetrapeptide), the putative active site, is displayed within a cytoplasmically oriented inter-TMD loop (Politis et al., 2005) . Yeast has seven DHHC PATs, and mammals have 23. Beyond their DHHC cysteinerich domains, the DHHC PATs show remarkably little sequence conservation with one another. This enzymatic diversity likely evolved to support the extensive diversity of proteins that undergo palmitoylation, and the individual PATs do indeed show both distinct and overlapping substrate specificities (Fukata et al., 2004; Roth et al., 2006; Huang et al., 2009) .
Because the PATs are membrane proteins, the palmitoylation substrate proteins need some means of accessing the cell's endomembrane system. Palmitoyl proteins can be roughly divided into three classes: 1) transmembrane proteins; 2) proteins, lipidated by either myristoylation or prenylation, in addition to palmitoylation; and 3) hydrophilic proteins that rely exclusively on palmitoylation for membrane interaction. For the first two categories, there are obvious mechanisms that are expected to lead the substrate protein to membranes. Transmembrane proteins, of course, are stitched into the endoplasmic reticulum (ER) membrane cotranslationally by the ER translocation apparatus. Presumably, their search for their cognate PAT occurs as part of their subsequent trafficking through the cellular membrane network. For proteins dually lipidated by either N-terminal myristoylation or C-terminal prenylation and then palmitoylation, interaction with membranes presumably is provoked following addition of the primary lipid modification (i.e., either the myristoylation or the prenylation), which is added either during, or soon after, the biosynthesis of the substrate protein. For the third class of palmitoyl proteins, i.e., the hydrophilic proteins that associate with membranes solely through their palmitoyl modifications, the mechanism by which access to their membrane-localized PAT is gained remains unclear. The work in this article focuses on one example of this third class, the yeast plasma membrane-localized, type 1 casein kinase (CK1) Yck2.
Yck2, together with its close homologue Yck1, participates in numerous cell surface processes, including endocytosis, cell morphogenesis, mRNA localization, and nutrient sensing (Robinson et al., 1993; Panek et al., 1997; Hicke et al., 1998; Feng and Davis, 2000; Abdel-Sater et al., 2004; Moriya and Johnston, 2004; Spielewoy et al., 2004; Pal et al., 2008; Toshima et al., 2009; Suchkov et al., 2010) . Together, the two kinases provide yeast with an essential function (yck1Δ yck2Δ cells are inviable). Yck1 and Yck2 both are dually palmitoylated on C-terminal Cys-Cys dipeptides with palmitoylation being mediated by the Golgi-localized DHHC PAT Akr1 (Roth et al., 2002 (Roth et al., , 2006 Babu et al., 2004) . The orthologous mammalian kinases, CK1γ1, -γ2, and -γ3, which play a critical role in Wnt signaling (Davidson et al., 2005) , also likely are palmitoylated as these were detected in a large-scale proteomic analysis of protein palmitoylation in neurons (Kang et al., 2008) ; the likely palmitoyl acceptors for these mammalian CK1s are clusters of two to three cysteines that map near the C terminus.
The analysis shown here is a mutational dissection of the Yck2 palmitoylation signal. Like the signals for other posttranslational modifications, we expected that the Yck2 palmitoylation signal would map to the local sequence context of the modification site FIGURE 1: Yck2 structural predictions. Top, a Yck2 protein schematic indicating regions of Yck2/Yck1 sequence conservation (black segments) as well as the two glutamine-rich sequences (Q-rich). Bottom, the output of various sequence analysis tools. The entry labeled "homology (Yck1)" shows a representation of Basic Local Alignment Search Tool (BLAST) results between Saccharomyces cerevisiae Yck2 and Yck1, with the number of Yck2-Yck1 identities within each 10-residue-long sequence interval reported in graded shades of green (a fully conserved segment with 10 identities is true green, and a segment with no identities is black). To exclude the contribution of the low complexity, glutamine-rich CTD sequences, glutamine identities over the Yck2 C-terminal 150 residues were not included. β-sheet and α-helical secondary structures, as well as "buried residues," were predicted by NetSurfP (Petersen et al., 2009) . For "buried residues," the probability that the individual Yck2 residues were likely to be buried within the folded protein or exposed to solvent at the protein surface were predicted. The number of buried residues predicted per each 10-residue segment are reported as graded shades of red (a fully buried 10-residue-long segment would be true red, and a fully exposed segment would be black). At the bottom is shown for Yck2 output from DISOPRED2 (Ward et al., 2004) an algorithm that predicts intrinsically disordered protein domains (sequences that are most strongly predicted to be disordered receive a value of 1.0). β-sheet conserved in evolution and strongly predicted to be intrinsically disordered.
Minimal palmitoylation domain (MPD)
To delineate the Yck2 sequences that direct palmitoylation, we analyzed a series of fusion proteins that attach C-terminal segments of Yck2 to the C terminus of Ura3 (Figure 2A ), an enzyme within the uracil biosynthesis pathway that resides in the cytoplasm ( Figure 2B ). These fusion constructs, tagged at the Ura3 N terminus with both HA and FLAG epitopes, were introduced into yeast cells on single-copy centromeric plasmids, with expression being driven from the inducible GAL1 promoter, which affords ∼10-fold overproduction relative to the YCK2 promoter (Supplemental Figure S2 ). This GAL1 P -driven overproduction, which is used for most all of the analysis reported herein, facilitates detection, enabling both immunofluorescent localization and the biochemical analysis of palmitoylation. Although this overproduction may skew results somewhat, this analysis should still reveal the core elements needed for palmitoylation.
Ura3-Yck2 fusions were analyzed for subcellular localization by indirect immunofluorescence (IIF) microscopy ( Figure 2B ) and for relative palmitoylation levels by the acyl-biotinyl exchange (ABE) methodology, which replaces thioester-linked acyl modifications with easily detectible biotinyl moieties ( Figure 2C ). IIF analysis shows that Ura3 and Yck2, the two component proteins of our fusions, localize as expected: Yck2(wt) is mainly surface-localized, and Ura3 is smoothly distributed through the cytoplasm, but excluded from the membrane-enclosed vacuole ( Figure 2B ). Furthermore, the fusion with the entirety of Yck2 attached to the Ura3 C terminus [i.e., Ura3-Yck2(2-546)], localizes like Yck2(wt) to the surface ( Figure 2B ). Ura3-Yck2(2-546) also is robustly palmitoylated ( Figure 2C ). Thus the attachment of Ura3 to the Yck2 N terminus does not grossly impair either palmitoylation or localization.
Analyzing fusions with progressively smaller C-terminal portions of Yck2, we find a significant breakpoint between Yck2 residues 505 and 512, with palmitoylation being detected for Ura3-Yck2(505-546), but not for Ura3-Yck2(512-546) ( Figure 2C ). The IIF microscopy shows correlated localizations: Yck2(512-546) is fully cytoplasmic, whereas Yck2(505-546) shows some surface localization ( Figure 2B ). Thus we define the Yck2 42 C-terminal residues to be the minimal palmitoylation domain (MPD). Neither the C-terminal cysteines nor the 10-residue-long, conserved, C-terminal peptide (CCTP) alone suffice to direct any discernible palmitoylation ( Figure 2C ).
Although the MPD is a sufficient palmitoylation signal, it directs a palmitoylation that is substantially less robust than that directed by the entire Yck2 protein; this is starkly evident in the comparison of and Ura3-Yck2(2-546) localizations ( Figure 2B ), where a substantial subpopulation of , perhaps the majority, is found to be mislocalized to the cytoplasm ( Figure 2B ). Many of the analyzed fusions show the KD (residues 361-396), plus two short homology islands at residues 465-474 and at the Yck2 C terminus, residues 537-546. The Yck2 CTD also notably contains two relatively long intervals of low-complexity, glutamine-rich sequence (Figure 1 ). Secondary structure predictions for Yck2 find that the KD is replete with sequences that are predicted to adopt α-helical or β-sheet secondary structures as would be expected from the known KD structure (Xu et al., 1995; Longenecker et al., 1996) . In contrast, few elements of secondary structure are predicted for either the N-or C-terminal domains (Figure 1 ). More striking is the output of algorithms that predict whether individual residues are buried or exposed within the folded protein structure (Petersen et al., 2009) . Again, consistent with its known folded structure, much of the KD is predicted to be buried, whereas virtually no buried residues are predicted for either the N-or C-terminal domains. Finally, both the N-and Cterminal domains are strongly predicted to be intrinsically disordered-that is, neither is predicted to adopt a stably folded structure (Figure 1 ). Furthermore, low complexity, glutamine-rich sequences, such as those found within the CTD, are typical signatures of intrinsically unstructured protein regions (Dyson and Wright, 2005) . Thus the CTD, the domain anticipated to be most directly involved in specifying palmitoylation, is both quite poorly Figure 2B ). Interestingly, these three fusions all retain an intact KD (Figure 2A) . Fusions with the KD partially truncated [i.e., and show partial cytoplasmic mislocalizations similar in magnitude to those seen for fusions that lack the KD altogether, i.e., like Ura3-Yck2(397-546), , and Ura3-Yck2(505-546) ( Figure 2B ). This difference between fusions that retain an intact KD and those that do not is also evident in the ABE palmitoylation analysis, where a substantially stronger palmitoylation is clearly evident for the three fusions that retain the KD ( Figure 2C ). Thus, in addition to the MPD, it appears that the KD may also have an important palmitoylation role. This KD palmitoylation role is further explored later in this article (Figure 4 ). The MPD, defined earlier in the text as the minimal sequence that is able to serve as a sufficient palmitoylation signal, consists of the 10-residue-long CCTP (residues 537-546) plus an additional 32 residues of adjoining CTD sequence (residues 505-536). Based on both its evolutionary conservation (Figure 1 and Supplemental Figure S1 ) and its proximity to the cysteinyl acceptors, we anticipated that the CCTP likely would be an important part of the Yck2 palmitoylation signal. The contribution of the adjacent, 32-residue-long stretch seems more curious because the sequence is both poorly conserved and strongly predicted to be intrinsically disordered. To analyze MPD substructure, a series of short, in-frame deletions were introduced across the MPD within the Ura3-Yck2(505-546) fusion protein ( Figure 2D ). Each of the four deletions fully abolished palmitoylation ( Figure 2D ), indicating that required elements distribute throughout the 505-546 interval. One possible explanation is that the MPD may need to be properly folded into domain structure to be recognized by Akr1. The prediction of intrinsic disorder for much of this domain, however, argues against a key role for folded structure.
Within the holo-Yck2 context, the MPD is largely dispensable
We also examined the MPD contribution within the holo-Yck2 context, where both the KD as well as the bulk of the CTD are retained. For this examination, a series of inframe deletions were introduced into the CTD of FLAG/HA epitope-tagged Yck2(wt), with expression again driven by the GAL1 P ( Figure 3A) . Localization of these Yck2 mutants was assessed by two different measures, by IIF microscopy and by their level of phosphorylation. We have found that the second measure (i.e., the phosphorylation level) provides a good measure similar cytoplasmic mislocalizations ( Figure 2B ). Indeed, robust cell surface localizations are seen only for three of the fusions: Ura3-Yck2(2-546), Ura3-Yck2(32-546), and Ura3-Yck2(60-546) FIGURE 3: Analysis of in-frame CTD deletions (holo-Yck2 context). (A) Summary of results. Left, below a schematic of the C-terminal portion of Yck2, the removed Yck2 segment for each in-frame deletion is indicated (dotted line). Right, the results of three different analyses: 1) IIF microscopic localization, 2) phosphorylation level, and 3) yck1Δ yck2-ts complementation. For both the IIF and the phosphorylation analysis, HA/FLAG-tagged deletion mutants, carried on centromeric plasmids, were expressed from the GAL1 P for 2 h. For IIF analysis, cells were fixed and anti-HA stained as described earlier in the text ( Figure 2B ). The subcellular localizations were judged as being fully surface-localized (surface), fully mislocalized (cyto), or mixed (surface + cyto). The "cyto (trace surface)" designation indicates that the overwhelming bulk of the mutant protein was judged to be cytoplasmically mislocalized, with just a small amount of staining being evident at the surface of some cells. Phosphorylation status was judged by the magnitude of the gel mobility shift induced following phosphatase treatment (panel C, bottom, provides an example of such analysis). Mutants were classed as being either predominantly hyperphosphorylated (hyper), predominantly hypophosphorylated (hypo), or a mixture of the two phospho forms (hyper + hypo). For the complementation analysis, the indicated deletion mutants were expressed at native levels (on centromeric plasmids; YCK2 promoter) within the yck1Δ yck2-ts cell context (Babu et al., 2002) . Cell growth both at 30°C (permissive temperature) and at 34°C (nonpermissive temperature). Results were scored as either full complementation (+) or no complementation (-); no instances of partial complementation (reduced cell numbers or reduced colony size at nonpermissive temperature) were seen for any of the tested mutants. See Supplemental Figure  S4 for supporting data and additional experimental background. nd, not determined. (B) IIF microscopic analysis for the indicated Yck2 deletion mutants. Cells were prepared and anti-HA stained as described for Figure 2B . Cells expressing both Yck2(wt) and the nonpalmitoylatable Yck2(SS) mutant, which has the C-terminal Cys-Cys dipeptide replaced by Ser-Ser coding (SS) were included as controls. (C) The phosphorylation status was assessed for the indicated Yck2 deletion mutants. Denatured protein extracts, prepared from expressing cells, were incubated either with (+) or without (-) phosphatase and then subjected to SDS-PAGE and anti-HA Western blotting. Again, extracts from Yck2(wt)-and Yck2(SS)-expressing cells were included as controls. that the CCTP is required for efficient palmitoylation within the holo-Yck2 context. Yck2(Δ495-536), however, which removes 76% of the supposedly inviolable MPD ( Figure 2D ), surprisingly shows both wild-type (wt)-like surface localization and wt-like hyperphosphorylation, indicating that it is fully palmitoylation competent ( Figure 3 , A-C). Interestingly, the MPD portion removed by the Δ495-536 deletion precisely corresponds to the 32-residue-long segment (residues 505-536) that is both poorly conserved and predicted to be structurally disordered ( Figure 1 and Supplemental Figure S1 ). Thus, within this holo-Yck2 context, the portion of the MPD that is predicted to be unstructured can be deleted with little or no impact on palmitoylation. Our hypothesis, which is further developed later in this article (see Discussion), is that the 134 residues of the CTD that are retained by Yck2(Δ495-536) (residues 361-494), for which intrinsic disorder also is predicted (Figure 1 ), likely compensate for the unstructured MPD segment (residues 505-536) that is removed.
Essential, but redundant contribution made by unstructured CTD
To test if CTD elements beyond the CCTP also may play significant roles in palmitoylation, we constructed and tested Yck2(Δ361-536) mutant; this mutant retains the CCTP, while the 176-residue-long, putatively unstructured portion of the CTD has been precisely removed ( Figure 3A ). Yck2(Δ361-536) appears to be fully palmitoylation deficient, replicating the nonpalmitoylatable Yck2(SS) mutant (Ser-Ser replacement of Cys-Cys palmitoyl acceptors) with regard to its cytoplasmic mislocation, its absence of hyperphosphorylation, and its inability to complement growth of the yck1Δ yck2-ts strain at nonpermissive temperature ( Figure 3A) . Thus it appears that the 361-536 interval does contain some essential palmitoylation element. To further localize this element, the 361-536 interval was subdivided with two additional deletion mutants, Yck2(Δ361-397) and Yck2(Δ396-536) ( Figure 3A ). Yck2(Δ361-397) shows both wt surface localization and hyperphosphorylation, indicating that it is not required for palmitoylation, whereas Yck2(Δ396-536) appears to be fully defective ( Figure 3A ). Continuing the search, we then subdivided the 396-536 interval by Yck2(Δ396-496) and Yck2(Δ495-536).
Here, surprisingly, both mutants appear to be fully wt ( Figure 3A ). Thus, although Δ396-536 fully abolishes palmitoylation function, neither of the two component deletions (i.e., neither Δ396-496 nor Δ495-536) show any discernible effect. Clearly, this result is incompatible with the premise that the essential 396-536 interval contains just a single essential palmitoylation element. It could, however, be compatible with models in which multiple redundant elements distribute through the CTD with some mapping to the 396-496 interval and some to the 496-536 interval. The alternative possibility that we favor and that we further explore later in the text (see Discussion) is that the CTD, which is predicted to be largely unstructured (Figure 1 ), is required as a flexible linker domain, connecting the CCTP and the KD. From this perspective, the redundancy documented here may indicate that efficient palmitoylation requires a linker length that is somewhat shorter than the length supplied by the entire CTD. Yck2(Δ396-496) and Yck2(Δ495-536) both retain substantial portions of the putatively unstructured CTD and thus both may retain linker domains of sufficient length to fulfill this essential role.
KD role
The Ura3-Yck2 analysis ( Figure 2 , B and C) suggested a role for Yck2 KD in palmitoylation. To explore the KD role, we have examined two mutants which delete the entire KD, Yck2(Δ58-397) and the more precise KD deletion, Yck2(Δ70-361) ( Figure 4A ), as well as two of surface localization. Our prior work found that surface-localized forms of Yck2, when overexpressed from the GAL1 promoter, are hyperphosphorylated, showing a well-discerned gel mobility shift, whereas mutant forms of Yck2 that are mislocalized either to the cytoplasm or to the cell's endomembrane system show a much less prominent shift, consistent with hypophosphorylation (Roth et al., 2002; Politis et al., 2005; Papanayotou et al., 2010) . Experiments validating the use of hyper-/hypophosphorylation as a metric of surface localization are presented within the supplement (Supplemental Figures S2 and S3 ). Supplemental Figure S2 explores the underlying biology of Yck2 hyperphosphorylation, showing its dependence on Yck2 overproduction and also the requirement that the overproduced Yck2 be kinase-active, indicating this phosphorylation to be an autophosphorylation (Supplemental Figure S2 , A and B). Supporting the conclusion that the hyperphosphorylation is mediated by Yck2 itself (i.e., autophosphorylation), Yck2(wt), but not the kinase-inactive mutant Yck2(D218A), is hyperphosphorylated when overproduced in Escherichia coli (Roth et al., 2002) . A second conclusion that we draw from these analyses is that Yck2 hyperphosphorylation requires that Yck2 be properly delivered to the surface plasma membrane. Consistent with our prior report (Roth et al., 2002) , the plasma membrane-localized Yck2 mutant [Yck2(CCIIS)] is hyperphosphorylated, whereas cytoplasmic and endomembrane-localized mutants [Yck2(SS) and Yck2(SCIIS), respectively] are not (Supplemental Figure S2C) . A requirement for surface localization also is supported by the finding that the hyperphosphoryl gel shift is blocked by sec9-ts-mediated blockade of Yck2(wt) delivery to the plasma membrane (Supplemental Figure  S2D ). Our current thinking is that the excess CK1 activity that accumulates at the surface of overproducing cells serves to hyperphosphorylate newly synthesized Yck2 as it is delivered to the plasma membrane. In addition, we have validated the hyper-/hypophosphorylation metric against a well-characterized series of Yck2 deletion mutants that have graded palmitoylation defects (Supplemental Figure S3 ). Mutants that are fully defective for palmitoylation are found to be exclusively hypophosphorylated, whereas mutants that are partially defective (i.e., that have both palmitoylated and nonpalmitoyated subpopulations) present as doublets of hyper-and hypophosphorylated species, where distribution into the two phospho-forms nicely reflects the magnitude of the palmitoylation defect (Supplemental Figure S3) . This capacity to simultaneously see both the hyper-and hypo-phospho-forms provides a useful means of assessing relative surface localization and thus, indirectly, relative palmitoylation status.
Together with our standard IIF microscopy, we have used this phosphorylation analysis to analyze a number of in-frame deletion mutants. First, we considered several deletion mutants that center around the MPD ( Figure 3A ). Yck2(Δ495-542) removes more than 90% of the MPD, retaining just the four C-terminal Yck2 residues that conclude with the C-terminal Cys-Cys. IIF microscopy finds Yck2(Δ495-542) to be severely mislocalized to the cytoplasm, with just trace surface staining being seen (Figure 3, A and B) . Assessments of Yck2(Δ495-542) phosphorylation were made by analyzing the gel mobility shift induced by phosphatase digestion ( Figure 3C ). Whereas Yck2(wt) is hyperphosphorylated [consistent with its surface localization ( Figure 3B )], Yck2(Δ495-542) shows only the modest shift indicative of hypophosphorylation ( Figure 3C ). Thus, by both these analyses, IIF microscopy and phosphorylation, Yck2(Δ495-542) clearly is quite severely mislocalized, indicating a severe palmitoylation defect. Likewise, Yck2(Δ535-542), which has a small, eight-residue-long deletion centering on the CCTP portion of the MPD, also is severely mislocalized (Figure 3 , A-C), indicating tants, Yck2(Δ58-397) and Yck2(Δ70-361), both are significantly mislocalized to the cytoplasm. The severity of the mislocalization defects for the two mutants seems roughly equivalent, indicating that the defect results from the loss of elements that map within the KD, and not from the loss of elements, mapping within the KD-proximal domains that are included within the larger Δ58-397 deletion. For the two kinase-inactive mutants, Yck2(K105R) and Yck2(D218A), less severe mislocalization defects are seen, with Yck2(D218A) reproducibly showing a less severe defect than that seen for Yck2(K105R) ( Figure 4B ).
In addition, the palmitoylation of the different KD mutants was assessed by ABE ( Figure 4C ). Consistent with the substantial subpopulations of each mutant that are found to be surface-localized ( Figure 4B ), each also shows significant levels of palmitoylation. A rough assessment of per protein palmitoylation levels for each protein, made by normalizing the anti-biotin palmitoylation signal for each protein to each protein's anti-HA signal, indicates Yck2(Δ58-397) palmitoylation to be reduced by 55% relative to Yck2(wt), whereas Yck2(K105R) and Yck2(D218A) show palmitoylation reductions of less certain significance, 30 and 18% reductions, respectively.
Although the IIF and phosphorylation assays provide only indirect assessments of palmitoylation, both do have the advantage of allowing simultaneous visualization of both the palmitoylated and nonpalmitoylated subpopulations. For instance, mutants that are more defective for palmitoylation show in our phosphorylation analyses not only a decreased level of the hyperphospho-form, but also an increased level of the hypo-phospho-form (Supplemental Figure S3 ). This capacity to see both forms is quite useful when comparing the relative palmitoylation defect severity imposed by different mutations. Typically, analysis of palmitoylation by ABE analyses lacks this advantage, as the severity of the palmitoylation defect is inferred only from the intensity of the anti-biotin Western blot signal (as an example, see Figure 4C ). To obtain a more robust measure, we have developed an approach based on the ABE-induced gel mobility shifts such as those that were noted in our prior ABE analysis of the Δ396 deletion series (Supplemental Figure S3A ). This analysis showed that the ABE chemical replacement of thioester-linked acyl modifications with the biotinyl moiety, donated from N-[6-(biotinamido)hexyl]-3'-(2'-pyridyldithio)-propionamide (HPDP-biotin), is efficient, with close to 100% of the palmitoylated subpopulation shifting as a result of the ABE chemical workup (Supplemental Figure S3A ). An analogous ABE-induced gel mobility shift also may be discerned in the ABE analysis of Yck2(Δ58-397) ( Figure 4C ). Note that ABE-processed Yck2(Δ58-397) presents as a doublet in point mutations within the KD that are expected to fully inactivate kinase activity, a K105R and D218A mutation. K105R mutates the invariant KD lysine that is typically mutated for Ser/Thr kinase inactivation; this lysine anchors and orients the α and β phosphates of ATP (Hanks and Hunter, 1995) . D218A mutates the Asp of the invariant subdomain VII DFG tripeptide within the kinase magnesium binding loop (Hanks and Hunter, 1995) . Consistent with kinase inactivation, both mutant alleles fail to complement the yck1Δ yck2-ts strain (Supplemental Figure S4) , and both mutant proteins show no discernible autophosphorylation (Supplemental Figure S2B) .
First, subcellular localizations of the different KD mutants were assessed by IIF microscopy ( Figure 4B ). The two KD deletion mu-FIGURE 4: Effects of KD mutations on Yck2 palmitoylation and localization. (A) Schematic of two KD-deletion mutants that were tested. (B) Localization of kinase mutants was assessed by IIF microscopy as described for Figure 2B . (C) ABE palmitoylation analysis of KD-deletion and kinase-inactive mutants was performed as described for Figure 2C . (D) Analysis of the gel mobility shift induced by ABE for Yck2(Δ58-397). Left, extracts from cells expressing either Yck2(Δ58-397) or the nonpalmitoylatable mutant Yck2(Δ58-397,CC->SS) were subject to ABE processing either in the presence (+) or absence (-) of HAm, with the samples finally subjected to anti-HA Western blotting. The middle panel shows the results of treating the +HAm samples with β-mercaptoethanol (βME) before SDS-PAGE. Yck2(Δ396-496) and Yck2(Δ396-511) were processed through the + and -HAm ABE workups in parallel as controls. (E) Effects of the two kinase-inactive mutations on palmitoylation were assessed within the context of Yck2(Δ396-496) via the ABE mobility shift assay. The panel at left examines the gel mobilities of Yck2(Δ396-496) and of the nonpalmitoylatable Yck2(Δ396-496,CC->SS) following + and -HAm ABE workups of extracts from expressing cells. At right, mobilities of these same two proteins are compared with Yck2(Δ396-496,K105R) and Yck2(Δ396-496,D218A) following +HAm ABE workup. (F) Hyperphosphorylation of kinase mutants of Yck2 in trans by overproduced Yck2(wt). Plasmids constitutively expressing N-terminally HA epitope-tagged versions of the indicated mutant Yck2 proteins from the YCK2 promoter were transformed into wt BY4741 cells carrying either a centromeric GAL1-YCK2 plasmid (untagged Yck2) or the equivalent empty plasmid control. Following a 2-h galactose induction period, protein extracts were prepared and subjected to SDS-PAGE and then anti-HA Western blotting. α-biotin α-HA the anti-HA blot, but as a singlet when just the palmitoylated subpopulation is detected using anti-biotin antibody. The anti-biotin singlet comigrates with the upper band of the anti-HA doublet, indicating that this upper doublet band corresponds to the biotinylated component ( Figure 4C ). Additional analysis shows that this upper species is not seen when the hydroxylamine (HAm) thioester cleavage step is omitted, nor when the nonpalmitoylatable mutant, Yck2(Δ58-397,SS), which has the Cys-Cys palmitoyl acceptors replaced by the Ser-Ser dipeptide, is used ( Figure 4D ). Thus the upper doublet band is indeed the result of ABE replacement of acyl modifications by the HPDP-biotin moiety (430 Da per added HPDP-biotin moiety). Furthermore, consistent with disulfide linkage of HPDPbiotin to cysteine, β-mercaptoethanol causes the upper doublet component to collapse to the lower, faster migrating position ( Figure 4D ). Two CTD deletions, Yck2(Δ396-496) and Yck2(Δ396-512), were included in this analysis of Yck2(Δ58-397) palmitoylation as controls, because our prior analysis found quantitative shifting of the palmitoylated subpopulations of these two mutants (Supplemental Figure S3A ). Again here, for Yck2(Δ396-496), which has unimpaired palmitoylation ( Figure 3A) , the ABE treatment results in a clear shift for the bulk of the mutant protein whereas, for the partially palmitoylated Yck2(Δ396-511), just the hyperphosphorylated component (i.e., the palmitoylated component) shifts ( Figure 4D ), indicating that ABE replacement in this analysis to be again efficient. Thus the finding of <50% shifting for Yck2(Δ58-397) indicates that <50% of this protein population is palmitoylated, a finding that is nicely consistent with the previously mentioned analyses (Figure 4 , B and C).
We also wished to apply this powerful ABE mobility shift approach to assess palmitoylation of the two kinase-inactive mutants, Yck2(K105R) and Yck2(D218A). Unfortunately, we have been unable to discern ABE-induced mobility shifts within the full-length Yck2 context (unpublished data). Because, however, ABE shifts are seen for the fully palmitoylated and fully surface-localized Yck2(Δ396-496) mutant ( Figure 4D and Supplemental Figure S3A ), we opted to test the kinase-inactive mutations instead within the Δ396-496 context. Thus we compared the gel mobility of ABE-treated Yck2(Δ396-496) both with the nonpalmitoylatable mutant Yck2(Δ396-496,SS) and with the two kinase-inactive mutant versions, Yck2(Δ396-496,K105R) and Yck2(Δ396-496,D218A) ( Figure 4E ). To eliminate confounding effects of phosphorylation on gel mobility, all samples were treated with phosphatase before electrophoresis. Comparing plus-and minus-HAm ABE workup conditions for Yck2(Δ396-496), we see that productive ABE treatment (+HAm) produces a well-discerned gel shift that is not seen for the equivalent CC->SS mutant, indicating that the ABE-induced upward shift is in fact due to the biotinylation of palmitoylated Yck2(Δ396-496). Applying this same analysis to the two kinase-inactive mutants finds significant underpalmitoylation for both, with a significant portion of each mutant population (∼30%) escaping palmitoylation ( Figure 4E) .
We also hoped to use Yck2 hyperphosphorylation as a metric of surface localization for the different kinase mutants. Being an autophosphorylation, however, hyperphosphorylation is not seen for kinase-inactive mutants (Supplemental Figure S2B) . To try to circumvent this obstacle, we contrived a situation in which GAL1-driven overexpression of an untagged, wt Yck2 is used for in trans hyperphosphorylation of the surface-localized subpopulation of the HA epitope-tagged, kinase-mutated Yck2 proteins. The epitopetagged test proteins were expressed from their native YCK2 promoter either in control cells or in cells overexpressing untagged Yck2(wt) from the GAL1 promoter. Because hyperphosphorylation is not seen for Yck2(wt) at native expression levels (Supplemental Figure S2A ), neither Yck2(wt) nor any of the tested mutant Yck2 proteins show any hyperphosphorylation within control cells that lack the GAL1-YCK2 construct ( Figure 4F ). In the Yck2-overproducing context, however, Yck2(wt), consistent with its surface localization, is found to be efficiently hyperphosphorylated ( Figure 4F ), indicating that hyperphosphorylation can be mediated in trans. For Yck2(K105R) and Yck2(D218A), which were examined in parallel, ∼40-50% of the mutant protein escapes such hyperphosphorylation ( Figure 4F) ; presumably, this underphosphorylated subpopulation corresponds to the subpopulation that is not palmitoylated and, therefore, not localized to the plasma membrane. For Yck2(Δ58-397), an even smaller fraction of population is hyperphosphorylated (Figure 4F ), indicating that an even smaller portion of this mutant likely is surface localized. Thus this indirect measure of localization provides results that are again consistent with the previously mentioned analyses (Figure 4 , B-E): Whereas the two kinase-inactive mutants both clearly are impaired for palmitoylation, a more severe impairment is seen when the KD is fully deleted. Thus, although kinase activity appears to play some positive role in palmitoylation, it clearly is not the whole story. Additional elements that map within the KD, that remain undefined, also play an important role in driving Yck2 palmitoylation. In other words, the KD contribution to Yck2 palmitoylation is complex, with a role not only for Yck2-mediated phosphorylation, but for other elements as well, perhaps KD structural elements that may be directly recognized by Akr1.
The Phe-Phe dipeptide is a critical palmitoylation determinant
To further investigate the CCTP role in palmitoylation, six di-alanine replacement mutations, in which adjacent residue pairs were replaced by the Ala-Ala dipeptide, were introduced across the CCTP interval ( Figure 5A ). The di-alanine mutations were tested first within the holo-Yck2 context ( Figure 5 , B and C). Considering the evolutionary conservation of this sequence, it is a bit surprising to find that five of the six replacement mutants show no phenotype with regard to either localization ( Figure 5B ) or hyperphosphorylation ( Figure 5C ); each is indistinguishable from Yck2(wt). The one exception is the replacement of the Phe 539 -Phe 540 dipeptide (i.e., Yck2(FF->AA)), which stands out as being defective, being both severely mislocalized ( Figure 5B ) and severely underphosphorylated ( Figure 5C ). Assessments of Yck2(FF->AA) palmitoylation both by ABE and by the newly developed click-based methodology (Hang et al., 2007; Charron et al., 2009) , find Yck2(FF->AA) palmitoylation to be substantially reduced relative to Yck2(wt) ( Figure 5D ).
In hopes of exposing additional, more subtle CCTP contributions to palmitoylation, the di-alanine replacements also were tested within the palmitoylation-compromised, KD-deleted Yck2(Δ58-397) context. Again, a click-based palmitoylation analysis finds that the most severe defect was associated with the FF->AA mutation ( Figure 5E ). In addition, however, within this palmitoylation-compromised context, clear palmitoylation defects also are evident for several of the other mutants, namely for the replacements of the Leu 543 Gly 544 , Lys 537 Gly 538 , and Ser 535 Ser 536 dipeptides ( Figure 5E ).
We also have examined the effects of the different di-alanine substitutions within an in vitro palmitoylation system that relies on purified Akr1 enzyme and Yck2 substrate proteins (Roth et al., 2002) . For technical reasons, the Yck2 substrate proteins that are used in our in vitro analyses all harbor the kinase-inactivating D218A mutation (Roth et al., 2002) . Just as the palmitoylation defects of the di-alanine mutations are accentuated within the palmitoylationcompromised Yck2(Δ58-397) context ( Figure 5E ), similar accentuation might be anticipated in vitro, within this palmitoylation-compromised Yck2(D218A) context. In this in vitro analysis, Yck2(FF->AA) clearly being seen for these CCTP mutations in vitro ( Figure 5F ), where Akr1 and Yck2 effectively are the only two proteins that are present, we conclude that the CCTP functions directly in the interaction of Yck2 with Akr1.
To examine the contributions of the individual Phe 539 Phe 540 phenylalanines, Yck2(F539A) and Yck2(F540A) were constructed; both show clear localization defects that are somewhat less severe than those observed for Yck2(FF->AA) ( Figure 6A ). Consistent with these partial mislocalizations, both mutants also show intermediate phosphorylation phenotypes, with both hyper-and hypophosphorylated species being prominently evident ( Figure 6B ). Thus both Phe-539 and Phe-540 participate in directing palmitoylation.
In addition, we have also tested the importance of the native spacing of the Phe-Phe dipeptide with respect to the C-terminal cysteines, with the Phe-Phe dipeptide being repositioned either two residues closer to, or two residues farther away from, the C-terminal Cys-Cys. The mutant with the Phe-Phe repositioned closer to the C terminus [i.e., Yck2(KGAAFFLGCC)] shows strong surface localization that is indistinguishable from Yck2(wt), whereas the mutant with the Phe-Phe repositioned two residues farther away from the C terminus [i.e., Yck2(FFAASKLGCC)] is unable to support proper localization ( Figure 6C ). Correlated effects on phosphorylation are again seen, with reduced hyperphosphorylation being seen for the mutant having the Phe-Phe dipeptide positioned two residues farther away from the C terminus, but not for the mutant with the the Phe-Phe dipeptide positioned closer to the palmitoyl acceptors ( Figure 6D ).
As controls, we also tested two mutants that have four consecutive phenylalanines [i.e., Yck2(FFFFSKLGCC) and Yck2(KGFFFFLGCC)]. In essence, these constructs retain Phe-Phe in its native position while adding a second Phe-Phe that is positioned as it is for either Yck2(FFAASKLGCC) or Yck2(KGAAFFLGCC). These two control constructs both show wt surface localization and wt hyperphosphorylation, indicating that the Yck2(FFAASKLGCC) defect is indeed again stands out; like the nonpalmitoylatable Yck2(CC->SS) mutant, Yck2(FF->AA) shows no palmitoylation ( Figure 5F ). Furthermore, consistent with the results of in vivo palmitoylation analysis within the Yck2(Δ58-397) context ( Figure 5E ), partial palmitoylation defects are again highlighted for the KG->AA and LG->AA mutations. The relative magnitudes of the defects associated the different dialanine substitution mutations extrapolated both from the in vivo Yck2(Δ58-397) context data ( Figure 5E ) and from the in vitro system ( Figure 5F ) are depicted in Figure 5G with the size of the replaced dipeptide reflecting their relative palmitoylation contributions. Finally, we draw one important conclusion: Because defects are (Nadolski and Linder, 2009) . One important new insight that was provided by this Vac8 work is that specificity can be conferred not only by substrate features that promote interaction with the cognate modification enzyme, but also in some cases by substrate features that restrict interaction with noncognate enzymes. To see whether the residual palmitoylation seen for many of our Yck2 mutants might reflect palmitoylation by noncognate PATs, a variety of mutants were tested for Akr1 dependence by comparing their palmitoylation in wt and akr1Δ cells (Figure 8 ). Like Yck2(wt), each of the mutants remained wholly dependent on Akr1 for palmitoylation, indicating that the residual palmitoylation that occurs for these partially impaired mutants is not due to relaxed specificity. Note the striking mobility shifts seen for Yck2(wt) as well as some of the mutant Yck2 proteins within the akr1Δ cell context (Figure 8 , bottom anti-HA panel). Presumably, these shifts are due to impaired phosphorylation, secondary to the impaired localization and palmitoylation caused by the lost Akr1 function.
DISCUSSION
Tripartite Yck2 palmitoylation signal
For most posttranslational modifications, the substrate signal that attracts the modification enzymes to the modification site typically resides locally, within the sequence surround of the modification site residue. By this criterion, the best candidate Yck2 palmitoylation signal would be the conserved, 10-residue-long CCTP sequence that includes the Cys-Cys palmitoyl acceptors. Indeed, the CCTP clearly is important. Nonetheless, it alone is not sufficient as other Yck2 domains play important roles as well. Indeed, we find that sequences important for palmitoylation are spread across the entire Yck2 sequence, being composed of three discrete parts-the KD, the CCTP, and between the two, a long, poorly conserved domain that is predicted to be intrinsically disordered. Figure 9 provides a model showing how these three parts of the Yck2 palmitoylation signal might collaborate to effect palmitoylation. The CCTP is shown as interacting directly with the putative Akr1 active site, which is the conserved DHHC cysteine-rich domain and is displayed within an inter-TMD cytosolic loop. The KD is shown as contributing to recognition through an interaction with the Akr1 ankyrin repeat domain.
due to the inability of the more distantly positioned Phe-Phe sequence to direct palmitoylation at the C-terminal cysteines, rather than being the consequence of an active disruption of CCTP function, imposed by the repositioned phenylalanines.
Synergy of KD mutations with FF->AA mutation
We also have tested the consequences of combining different KD mutations with the FF->AA mutation. Alone, the KD mutations and the FF->AA mutation both result in partial palmitoylation defects (Figures 4 and 5) . When the FF->AA mutation is combined into the KD-deleted Yck2(Δ58-397) context, however, we see that palmitoylation is fully abolished ( Figure 7A ). Likewise, similar synergy is seen when FF->AA is combined with the two kinase-inactive missense mutations, K105R and D218A ( Figure 7B ). Earlier in this article, we suggested that the CCTP mutations, based on their in vitro defects ( Figure 5F ), likely were disrupting the direct interaction of Yck2 with Akr1. The synergy documented here for the KD mutations with FF->AA suggests that, like the CCTP, the KD also may play a role in mediating the direct interaction of Yck2 with Akr1.
Akr1 specificity
In the wt cell context, Yck2 palmitoylation relies exclusively on Akr1 (Roth et al., 2002 (Roth et al., , 2006 . Recent work, however, has shown that, inactive mutants that were analyzed both showed clear palmitoylation defects, yet these defects were substantially lower in magnitude than those seen for the KD-deleted mutants (Figure 4 ). Although our analysis indicates that both the Yck2(K105R) and Yck2(D218A) mutants are fully defective for kinase function [neither shows any functional complementation (Supplemental Figure S4) , nor the characteristic Yck2 autophosphorylation (Supplemental Figure S2B) ], it is possible that they retain, while the KD-deleted Yck2(Δ58-397) lacks, some low residual phosphorylation activity that suffices to stimulate palmitoylation. Plausibly, therefore, the positive KD palmitoylation role may be exerted solely through its phosphorylation function. The alternative extreme is that the KD palmitoylation role is fully determined by KD structural features, with the KD being directly recognized by either Akr1 or perhaps some ancillary factor that might aid in delivering Yck2 to the Golgi-localized Akr1. In this scenario, the partial impairment of the kinase-inactive mutants might be due to a partial misfolding of the KD. Such misfolding would not be surprising because conserved kinase residues mutated here are both involved in triangulating ATP within the kinase-binding pocket (Hanks and Hunter, 1995) . Mutation of these residues may perturb nucleotide binding and thereby the final folded Yck2 structure. The synergy of the KD mutations with the CCTP FF->AA mutation (Figure 8) suggests that, like the CCTP, the KD may also directly participate at the level of the Yck2-Akr1 interaction. If both the CCTP and KD contribute to the recognition of Yck2 by Akr1, then separate mutation of the two domains might be expected to lead to reduced interaction and reduced palmitoylation, whereas simultaneous comutation of the two domains might result in the interaction being fully abolished. Anecdotal support for a direct KD role in Yck2-Akr1 recognition comes from prior experiments aimed at establishing an in vitro palmitoylation assay for Akr1 (Roth et al., 2002) . Whereas the full-length Yck2(D218A) proved to be an effective Akr1 substrate, an 150-residue-long, C-terminal Yck2 fragment, Yck2(396-546), which lacked the KD, did not (A. Roth and N. Davis, unpublished data) . In light of our current data, this failure of the CTD fragment to act as an in vitro substrate might indicate a critical KD role in the direct interaction of Yck2 with Akr1. Our suggestion that the KD interaction site on Akr1 is the ankyrin repeat domain (Figure 9 ) currently has no experimental support. Ankyrin repeats, which consist of both conserved and variable elements, are thought to function as proteinprotein interaction platforms, with binding specificity being determined, much as for immunoglobulins, by the variable portion of each repeat (Li et al., 2006) . The surfaces on target proteins that bind ankyrin repeats generally are part of folded domains, and, consequently, the ankyrin-interacting residues typically are widely dispersed through the target protein's primary sequence. Perhaps it is relevant that the folded KD is among the wide array of targets that have been documented for ankyrin repeat domains, a classic example being the inhibition of the cell division cycle kinase CDK4 by the INK4 family of ankyrin repeat domain proteins (Li et al., 2006) . Lending further credence to our suggestion that the Yck2 KD may interact with the Akr1 ankyrin repeats is recent work on the mammalian ortholog of Akr1,HIP14 (ZDHHC17) (Huang et al., 2009) . The HIP14 ankyrin repeat domain was found to be an important mediator of enzymatic specificity, with substrate specificity being transferred from HIP14 to a second DHHC PAT, namely DHHC3, with the transplantation of the HIP14 ankyrin repeat domain to DHHC3.
Is the poorly conserved, intrinsically unstructured portion of the CTD an interdomain linker?
Sited between the KD (residues 70-360) and the CCTP (residues 536-546) is a 172-residue-long sequence stretch that is both poorly The intervening CTD sequences are shown as contributing by acting as a flexible tether that allows the comcomitant interaction of the KD and the CCTP with the separate Akr1 domains. Below, we discuss the evidence supporting these different contributions of the different Yck2 domains.
CCTP
The CCTP is critical not only in vivo, but also within our in vitro palmitoylation system. This in vitro role, in which only Yck2 and Akr1 are present, indicates that the CCTP functions directly in the Akr1-Yck2 enzyme-substrate recognition, not, for instance, in some hypothetical transport process that might deliver cytoplasmic Yck2 to Golgilocalized Akr1. An analysis of the CCTP fine structure finds a paramount role for the central Phe-Phe, with lesser roles being played by the surrounding conserved residues. Our prior work indicated that the C-terminal Cys-Cys dipeptide, in addition to serving as the palmitoyl acceptor, also is a critical recognition determinant, because the mutational removal of single cysteines was found to severely reduce palmitoylation at the retained cysteine (Papanayotou et al., 2010) . Because the Cys-Cys dipeptide is part of the CCTP, we believe that the CCTP is likely to be recognized by the Akr1 active site, which is thought to map primarily to the conserved, 50-residuelong DHHC cysteine-rich domain. The finding that the Phe-Phe can be mutationally repositioned two residues closer to the Cys-Cys acceptors without apparent palmitoylation defect suggests substantial flexibility within the Akr1 substrate-binding pocket.
The kinase domain
The prominent role uncovered here for the KD is surprising. Deletion of this domain results in a substantial, >50% palmitoylation loss. We considered two hypotheses regarding how the KD might be contributing. Structural recognition elements embedded within the KD, we thought, might mediate either the direct interaction with or, possibly, the delivery to Akr1. Alternatively, kinase activity might be important, with Yck2-mediated phosphorylation potentially playing a positive role. To address these possibilities, we compared the palmitoylation of kinase-inactive mutants with kinase-deletion mutants. Unfortunately, the results of this analysis proved somewhat unsatisfying, not leading to a solid black or white conclusion. The kinase-FIGURE 9: A model for how the three Yck2 palmitoylation domains may collaborate to promote Akr1-mediated palmitoylation. The KD and CCTP are hypothesized to interact with two separate Akr1 domains, the ankyrin repeats and the active site DHHC loop, respectively. The poorly conserved CTD, which is predicted to be intrinsically disordered is suggested to be a flexible linker that facilitates the simultaneous interaction of the KD and the CCTP with Akr1. 
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KG F F G C C DHHC CCTP major role in recognizing this class of hydrophilic substrate proteins for palmitoylation. Akr1 also stands out for its possession of an ankyrin repeat domain (Figure 9 ). Only one of the six other yeast DHHC proteins has an ankyrin repeat domain, this being Akr2, a DHHC protein not yet linked to any palmitoylation. Two of the 23 mammalian DHHC PATs have N-terminal ankyrin repeat domains; these are HIP14 (DHHC17) and the less studied HIP14L (DHHC13). As discussed earlier in the text, the HIP14 ankyrin repeats have been implicated as playing a key part in substrate recognition (Huang et al., 2009) . Interestingly, like the Akr1 substrates, the proteins identified to date as likely HIP14 substrates also fall predominantly into the hydrophilic class of proteins that associate with proteins solely through their attached acyl moieties. Included among these putative HIP14 substrates are the postsynaptic receptor scaffolding protein PSD-95, the synaptic t-SNARE SNAP25, the disease protein for Huntington Disease Htt, and the cysteine string protein, a presynaptic chaperone (Huang et al., 2004 (Huang et al., , 2009 Greaves et al., 2008 Greaves et al., , 2009 .
Might the ankyrin repeat domains of Akr1 and HIP14 function to capture hydrophilic substrates from the cytosol for palmitoylation? This substrate class has special needs regarding their accessing of membrane-localized PATs. As discussed in the Introduction, for the other two general classes of palmitoyl proteins, namely the palmitoylated transmembrane proteins and the large set of proteins in which palmitoylation occurs secondarily to either myristoylation or prenylation, there are clear, palmitoylation-independent mechanisms providing these proteins with access to cellular membrane systems. Such proteins likely access their PATs from within the membrane plane. The third class of substrates (i.e., the large set of purely hydrophilic substrates that includes Yck2) does not have this advantage-palmitoylation of these proteins requires their active retrieval from the cytoplasm. The fact that ankyrin repeats are found just on the subset of PATs that appear to be devoted to the hydrophilic substrate class suggests a possible role for the ankyrin repeat domain in this capture process.
Relevant to this discussion is a recent report on the SNAP25 palmitoylation signal (Greaves et al., 2009) . Three different mammalian DHHC PATs (HIP14, DHHC3, and DHHC7) have been implicated as palmitoylating SNAP-25 (Fukata et al., 2004; Huang et al., 2004; Greaves et al., 2009) . Recognition of SNAP25 by DHHC3 and DHHC7 relies on a signal mapping to the local sequences surrounding the acyl-accepting cysteine cluster. Palmitoylation by HIP14, however, requires, in addition to this local recognition element, a second SNAP25 recognition element, 20-30 residues removed from the cysteine cluster (Greaves et al., 2009) . Furthermore, HIP14 palmitoylation of SNAP25 is blocked not only by mutations within these two recognition elements, but also by mutations that shorten the sequences intervening between the two (Greaves et al., 2009) . Interestingly, our analysis of the SNAP25 protein sequence finds that intrinsic disorder is also strongly predicted for this putative linker region (unpublished data). Thus, like the Yck2 palmitoylation signal, the SNAP25 palmitoylation signal also appears to be tripartite, again two recognition elements separated by a required linker. It will be interesting to see if dual recognition elements prove to be a general feature of this class of hydrophilic substrate proteins that are modified by ankyrin repeat domain-containing PATs, like Akr1 and HIP14.
MATERIALS AND METHODS
Yeast strains
Most of the work reported later in the text uses the wt MATα ura3-52 leu2 his3 strain LRB759 (Panek et al., 1997) to track epitope-tagged conserved and predicted to be intrinsically disordered (residues 361-536; Figure 1 ). This nondescript sequence is required for Yck2 palmitoylation: Both Yck2(Δ361-536) and Yck2(Δ396-536), which delete the bulk of this segment, are fully defective for palmitoylation and are unable to complement the yck1Δ yck2-ts mutations ( Figure 3A) . How might this large, poorly conserved, unstructured domain contribute? Intrinsically disordered sequences often function as flexible linkers to separate globular protein domains and allow their independent action (Dyson and Wright, 2005) . Thus we propose that the CTD also may be functioning here, for palmitoylation, as a flexible linker, facilitating the concomitant binding of CCTP and KD to separate Akr1 domains (Figure 9 ). This model nicely fits with the curious redundancy that we have documented for this domain ( Figure 3A ). Recall that whereas deletion of the 396-536 interval fully abolishes palmitoylation, shorter deletions (the two component deletions that subdivide this interval, namely Δ396-496 and Δ495-536) show no palmitoylation defect ( Figure 3A) . Furthermore, a variety of large CTD deletions show intermediate palmitoylation defects (Figure 3A ). For these mutants, the retained CTD segments that presumably facilitate the residual palmitoylation often do not overlap [ Figure 3A ; see Yck2(Δ361-496) and Yck2(Δ461-536)]. Thus separate, nonoverlapping portions of the CTD are able to supply this essential palmitoylation function. Palmitoylation, we suggest, may require that the CCTP and KD be separated by some minimal length of flexible linker, with the required length perhaps being shorter than the 176-residue-long length present within wt Yck2.
If the required linker length for palmitoylation is substantially shorter than the 176-residue-long domain that is present within Yck2(wt), then one wonders about the evolutionary pressures that shaped emergence of such a long, unstructured domain. The explanation likely resides in Yck2's mature function as a plasma membrane-tethered kinase. A large, flexible tether might allow the membrane-anchored kinase to phosphorylate substrates within a large, juxtamembrane space. Without a flexible linker, the kinase domain directly attached to the bilayer would be able to access only a limited set of substrate phosphorylation sites.
Implications for other palmitoylation substrates
How might our Yck2 and Akr1 results generalize to other palmitoylation substrates and enzymes? Palmitoylation is incredibly diverse with a huge variety of substrates being modified by a relatively large collection of enzymes, the DHHC PATs. Thus we do not expect that palmitoylation will be governed by a simple set of generalizable rules. By narrowing our focus to just Akr1 and its mammalian ortholog HIP14 (DHHC17), however, a few trends may be beginning to emerge.
Akr1 has been shown to participate in the palmitoylation of several yeast proteins beyond Yck1 and Yck2, these being the following: the sphingosine kinase Lcb4; the membrane trafficking protein Meh1; the vacuolar CK1 Yck3; Env7, a protein involved in late endosome-vacuole trafficking; as well as three proteins of unknown function-Sna4, Anr2, and Ypl199c (Kihara et al., 2005; Roth et al., 2006) . Unfortunately, our inspection of this set of Akr1 substrate proteins for local, CCTP-like sequences does not reveal a general Akr1 consensus motif. We do not, for instance, find PhePhe dipeptides spaced appropriately relative to the putative cysteinyl acceptors. One feature of the Akr1 substrates that is notable, however, is that seven of these nine substrate proteins (namely, Yck1, Yck2, Yck3, Lcb4, Env7, Anr2, and Ypl199c) fall into that class of palmitoyl proteins that associate with membranes solely through their palmitoyl modifications. Thus Akr1 may play a deleted codons replaced by an XhoI site-encoded Leu-Glu dipeptide. The deletion mutants were constructed into two different URA3/CEN/ARS pRS316-based formats (Sikorski and Hieter, 1989) , with expression being driven either by the GAL1 promoter or by the native YCK2 promoter. Expression from the GAL1 promoter affords a 10-fold overexpression of Yck2, facilitating both IIF microscopy and analysis of palmitoylation. The YCK2 P -driven series was used primarily for testing complementation. The GAL1 P -driven deletion mutants all derive from the Yck2(wt) construct, pND1427, which has the 6xHis/FLAG/HA epitope tri-tag at the Yck2 N terminus. The YCK2 P -driven series derive from the Yck2(wt) construct, pND1987, which has a dual FLAG/HA epitope tag at the Yck2 N terminus.
Other Yck2 mutants. Derivatives of pND1427 that mutate the C-terminal Cys-Cys dipeptide to Ser-Ser [Yck2(SS)], to Cys-Cys-IleIle-Ser [Yck2(CCIIS)], and to Ser-Cys-Ile-Ile-Ser [Yck2(SCIIS)] have been previously described (Roth et al., 2002) . The di-alanine substitution mutants and the kinase-inactive mutants were derived from pND1427 via standard methods for site-directed mutagenesis (Kunkel et al., 1987) , with the fidelity of the introduced mutation being confirmed by DNA sequencing. The expression plasmids for overexpression and purification of the di-alanine-subsituted Yck2 were derived from pND1483, the pET-based expression plasmid for expression of the kinase-inactive 6xHis/FLAG/HA-Yck2(D218A), originally used in our in vitro palmitoylation analyses (Roth et al., 2002) .
Yeast cultures
For GAL1 P -driven expression, plasmid-transformed yeast cells were inoculated from selective plates into YP-Raf medium (1% yeast extract, 2% peptone, 2% raffinose) for overnight log-phase growth. The next day, following appropriate culture dilution and an additional 2-h period of log-phase growth, cultures were subjected to a 2-h galactose-induction period, initiated with the addition of 2% galactose to YP-Raf cultures. For cultures intended for IIF microscopy, the 2-h galactose-induction period was terminated with the addition of 3% glucose, with cells harvested 30 min later. The final glucose repression period is intended to "chase" newly synthesized proteins to their final endpoint localizations.
IIF microscopy
Cells were fixed, solubilized, and processed for antibody staining as previously described (Sun et al., 2004) , using a 1-h room temperature incubation with a 1:1000 dilution of HA.11 mAb (Covance, Princeton, NJ) as the primary antibody, followed by 1 h with Cy3-conjugated goat anti-mouse immunoglobulin G (IgG) secondary antibody. Images were captured and simultaneously deconvolved using a Zeiss Axioplan (Thornwood, NY) equipped with an ApoTome structured illumination module.
Palmitoylation analyses
Palmitoylation was assessed for the different Yck2 mutants by using one of two different approaches, either 1) by ABE methodology or 2) by metabolic labeling with the alkyne-tagged palmitic acid analog, 17-octadecynoic acid (Cayman Chemicals, Ann Arbor, MI), followed by an in vitro click reaction with azido-AlexaFluor647.
ABE detection of palmitoylation.
A scaled-down version of the proteomic ABE protocol was used as has been previously described (Politis et al., 2005; Roth et al., 2006) . In brief, denatured protein extracts, prepared from yeast cells expressing the FLAG/HA-tagged Yck2 proteins expressed from plasmid vectors. Other strains that were used include NDY1405 (Roth et al., 2002) , which is isogenic to LRB759 except for an unmarked akr1Δ allele, BY4741 (Brachmann et al., 1998) , which is MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0 strain (used only for Figure 9F ), LRB934 (Babu et al., 2002) , which is MATα ura3-52 leu2 his3 sec9-4, and LRB757, which is MATα ura3-52 leu2 his3 yck1-Δ1 yck2-2ts (Robinson et al., 1993) . Finally, NDY1864, a strain that constitutively expresses the artificial ER marker protein GFP-HDEL from the TPI1 P , was constructed by integrating a Stu I-cut, URA3-based integrating plasmid harboring the GFP-HDEL expression allele at the ura3-52 locus of LRB759. The GFP-HDEL integrating plasmid was derived by swapping the TPI1 P -KAR2-GFP-HDEL fragment from YIplac204-GFP-HDEL (Rossanese et al., 2001) onto the URA3-based integrating vector pRS306 (Sikorski and Hieter, 1989 ). A similar strategy was then used to integrate alleles for GAL1 P -driven expression of 6xHis/FLAG/HA-tagged versions of Yck2(wt) and Yck2(Δ396-528) into the leu2 locus of NDY1864. For these integrations, the two YCK2 constructs were first subcloned onto the LEU2-based integrating vector pRS305 (Sikorski and Hieter, 1989) , which was linearized with BstXI to direct specific integration.
Plasmids
Both the Ura3-Yck2 fusion proteins and the in-frame Yck2 deletion mutants, which together provide the main focus for the present work, derive from a series of XhoI restriction site mutations that were introduced into Yck2 coding sequence all with the same reading frame, such that coding for two consecutive amino acid residues is replaced by the CTCGAG hexanucleotide sequence, encoding the Leu-Glu dipeptide sequence. XhoI site replacements were made at sequences encoding the following 13 Yck2 dipeptides, using standard methods for site-directed mutagenesis (Kunkel et al., 1987) Ura3-Yck2 fusion constructs. The Ura3-Yck2 constructs, which have various C-terminal portions of Yck2 attached to the C terminus of Ura3, all are carried on the LEU2/CEN/ARS vector plasmid pRS315 (Sikorski and Hieter, 1989) . These fusion proteins are expressed from the inducible GAL1 promoter and, for detection, have the tripartite 6xHis/FLAG/HA epitope tag (Sun et al., 2004) at the Ura3 N terminus. They were derived from the GAL1 P -6xHis/FLAG/HA-URA3(Sal I) plasmid pND645, which has a Val-Asp-encoding SalI site added to the URA3 open reading frame, immediately before the translational termination codon. This URA3 SalI site is engineered to be in the same reading frame as the previously mentioned YCK2 XhoI sites (SalI and XhoI sticky ends are compatible), thus allowing in-frame fusions of Ura3 to the various C-terminal Yck2 portions. To construct the Ura3-Yck2 fusions, the 1.7 kb SacI to SalI GAL1 P -6xHis/FLAG/ HA-URA3 fragment from pND645 was used to replace the upstream SacI to XhoI fragment within the appropriate YCK2 XhoI site mutant (SacI is sited within the upstream polylinker). For each Ura3-Yck2 fusion, the fusion joint encodes a Val-Glu dipeptide from the joined SalI/XhoI restriction site.
Yck2 in-frame deletion mutants. In-frame deletion mutations were constructed within YCK2 by ligating the relevant fragments through their XhoI sites. For instance, the Δ58-397 is derived by ligating the XhoI site at codons 58-59 to the site at codons 396-397. Thus this mutant, like all of these deletion mutants, has the
Phosphatase treatments
Harvested cell pellets, corresponding to 1.5 × 10 7 cells, were rapidly resuspended in 180 μl of cold 1.4 M sorbitol, 25 mM Tris/Cl. Fortyfive microliters of 85% TCA was added, and samples were then flash frozen on dry ice (samples may be stored at -80°C). Then, a 200-μl volume of acid-washed glass beads was added, with cell suspension then being thawed on ice before disruption with 10 min of autovortexing at room temperature. After the addition of 250 μl of 5% TCA, the lysate was decanted away from the glass beads to a fresh tube. The glass beads were washed with 300 μl of 5% TCA, which was pooled together with the initial lysate. After 20 min at 0°C, precipitated protein was collected from the samples by centrifugation (10 min, 16,000 × g). After washing with 1 ml of acetone, the protein pellet was dessicated and then dissolved in 100 μl SB for 10 min at 37°C. Finally, to digest with phosphatase, 2-μl aliquots of the final protein extracts were diluted to 1 ml with the addition of PB (20 mM citrate/Na, 50 mM NaCl, pH6.0), containing 1 mM PMSF and 1× PI. Then, 30 μg of potato acid phosphatase (Roche) was added, and samples were incubated at room temperature for 1 h. Finally, 2 μg of bovine serum albumin was added as carrier, and the digested proteins were TCA precipitated, desiccated, and dissolved into 20 μl of SB for 10 min at 65°C, before SDS-PAGE and anti-HA Western analysis.
Complementation analysis
Single colonies of LRB757 yeast carrying URA3/CEN/ARS plasmids for YCK2 P -driven expression of different Yck2 mutants were picked from selective, minus-uracil plates into 1 ml of YPD medium (1% yeast extract, 2% peptone, 2% glucose). Three microliter aliquots of the 10 −1 , 10 −2 , and 10 −3 dilutions were spotted onto two YPD plates that were subsequently incubated for 2 d at 30°C (permissive temperature) and at 34°C (nonpermissive temperature).
In vitro palmitoylation
The in vitro palmitoylation analysis used eight different Yck2 substrate proteins, including the previously used, kinase-inactive Yck2(D218A) and its nonpalmitoylatable Yck2(D218A,SS) derivative, which lacks the C-terminal cysteines (Roth et al., 2002) , as well as six new di-alanine-substituted mutants, which were also constructed within the kinase-inactive D218A Yck2 protein context. The kinaseinactivating D218A eliminates an extreme hyperphosphorylation that occurs in E. coli, which precludes palmitoylation within the in vitro system (unpublished data). The N-terminally 6xHis/FLAG/HAtagged proteins were overexpressed in E. coli using the pET expression system (Novagen, Madison, WI) and isolated by Ni-NTA-agarose (Qiagen, Valencia, CA) affinity chromatography from clarified cell lysates (Roth et al., 2002) . C-terminally 3×HA/FLAG/6xHis-tagged, but otherwise wt Akr1 was affinity-purified from yeast as previously described (Roth et al., 2002) . The in vitro reaction, which monitored transfer of the [ 3 H]palmitate label from [ 3 H]palmitoyl-CoA to the Yck2 substrate protein was performed as previously described (Roth et al., 2002) .
proteins of interest, were processed through the three ABE steps: 1) blockade of free thiols with N-ethylmaleimide, 2) cleavage of the thioester-linked acyl modifications with neutral pH hydroxylamine, and 3) marking of the newly uncovered acylation site cysteinyl thiols with the thiol-specific biotinylation reagent HPDP-biotin (Thermo Fisher Scientific, Pittsburgh, PA). Finally, the protein of interest is purified by anti-FLAG-agarose (Sigma-Aldrich, St. Louis, MO) immunoprecipitation, then subjected to Western blotting both with anti-biotin-horseradish peroxidase (Sigma-Aldrich) to detect palmitoylation and with anti-HA-horseradish peroxidase (Roche, Basel, Switzerland) to assess protein recovery and expression.
Click detection of palmitoylation. The Charron et al. click labeling protocol (Charron et al., 2009 ) was adapted to yeast as follows. Log-phase yeast cultures expressing FLAG/HA-epitope tagged from the GAL1 promoter were labeled with 25 μM 17-octadecynoic acid [added from 25 mM stock solution in dimethyl sulfoxide (DMSO); stored at -20°C] for the second hour of the 2-h galactose induction (see Yeast cultures earlier in the text). At the end of the labeling period, 10 8 labeled cells were harvested by centrifugation and resuspended into 100 μl of cold LB (50 mM Tris/Cl, 150 mM NaCl, 5 mM EDTA, pH 7.4) containing 2 mM phenylmethylsulfonyl fluoride (PMSF) and 2× PI (1 × PI: 250 μg/ml each of pepstatin, antipain, chymostatin, and leupeptin). The cell suspension was then lysed with five 45-s intervals of vortexing with a 100 μl volume of acid-washed glass beads (212-to 300-μm diameter; SigmaAldrich). Lysate was decanted away to a second tube, with the beads being washed with an additional 150 μl of LB, containing 1 mM PMSF and 1× PI. This second supernatant then was pooled with first lysate, with lysate membranes then being solubilized with the addition of Triton X-100 1% and a 30-min incubation at 4°C with gentle rotation. Unbroken cells then were removed by centrifugation (6000 × g, 30 s), and protein from 150 μl of the cleared lysate was then collected by chloroform-methanol precipitation (Wessel and Flugge, 1984) . The resulting precipitate was dissolved into 25 μl of 4% SDS, 50 mM Tris/Cl, 5 mM EDTA, pH 7.4, with a 10-min incubation at 37°C. FLAG/HA-tagged proteins then were purified from 20 μl of denatured protein by immunoprecipitation (1 h, 4°C incubation with anti-FLAG agarose in 800 μl of LB, containing 0.2% Triton X-100, 1 mM PMSF, and 1× PI). After three washes with 1 ml of LB containing 0.2% Triton X-100 and 0.1% SDS, bound protein was eluted (5 min, 65°C) into 25 μl of 4% SDS, 50 mM triethanolamine, pH 7.4. Twenty microliters of the eluted protein was adjusted to 47 μl with the addition of 27 μl of CB (50 mM triethanolamine, 150 mM NaCl, 0.5% Triton X-100) with 1 mM PMSF and 1× PI. To initiate the click reaction, 3 μl of a mix composed of 5 μl of 10 mM azido-Alexa Fluor 647 (prepared in DMSO; Invitrogen, Carlsbad, CA), 5 μl of 10 mM Tris[(1-benzyl-1H-1,2,3-triazol-4y1)methyl-1]amine prepared in DMSO, 10 μl of 50 mM Tris(2-carboxyethyl)phosphine hydrochloride (freshly prepared), and 10 μl of 50 mM CuSO 4 /5H 2 O (freshly prepared). Following a 1-h incubation at room temperature, 100 μl of CB was added, and the reaction was terminated by chloroformmethanol precipitation (Wessel and Flugge, 1984) . The protein precipitate was dissolved in 25 μl of SB (8 M urea, 5% SDS, 40 mM Tris/Cl, 0.1 mM EDTA, 0.4 mg/ml bromophenol blue, 1% β-mercaptoethanol) and heated at 65°C for 5 min prior to SDS-PAGE. Alexa Fluor 647 labeling was detected by fluorescent scans of the gel using a Typhoon 9200 (GE HealthCare). An identical second gel was analyzed by using anti-HA Western blotting to assess the expression of the different mutant proteins.
